Cerato-platanin (CP) is a secretion protein produced by the fungal pathogen Ceratocystis platani, the causal agent of the plane canker disease and the first member of the CP family. CP is considered a pathogen-associated molecular pattern (PAMP) since it induces various defence responses in the host, including production of phytoalexins and cell death. Although much is known about the properties of CP and related proteins as elicitors of plant defence mechanisms, its biochemical activity and host target(s) remain elusive. Here, we present the 3D structure of CP. The protein, that exhibits a remarkable pH and thermal stability, has a double-ψ ψ ψ ψβ β β β-barrel fold quite similar to those found in expansins, endoglucanases and in the plant defence barwin. Interestingly, although CP lacks lytic activity against a variety of carbohydrates, it binds oligosaccharides. We identified the CP region responsible for that binding as a shallow surface located at one side of the β β β β-barrel. Chemical shift perturbation of the protein amide protons, induced by oligo-N-acetylglucosamines of various size, shows that all the residues involved in oligosaccharide binding are conserved among the members of the CP family. Overall, the results suggest that CP might be involved in polysaccharide recognition and that the double-ψ ψ ψ ψβ β β β-barrel fold is widespread in distantly related organisms where it is often involved in host microbe interactions.
Cerato-platanin (CP) is a secretion protein produced by the fungal pathogen Ceratocystis platani, the causal agent of the plane canker disease and the first member of the CP family. CP is considered a pathogen-associated molecular pattern (PAMP) since it induces various defence responses in the host, including production of phytoalexins and cell death. Although much is known about the properties of CP and related proteins as elicitors of plant defence mechanisms, its biochemical activity and host target(s) remain elusive. Here, we present the 3D structure of CP. The protein, that exhibits a remarkable pH and thermal stability, has a double-ψ ψ ψ ψβ β β β-barrel fold quite similar to those found in expansins, endoglucanases and in the plant defence barwin. Interestingly, although CP lacks lytic activity against a variety of carbohydrates, it binds oligosaccharides. We identified the CP region responsible for that binding as a shallow surface located at one side of the β β β β-barrel. Chemical shift perturbation of the protein amide protons, induced by oligo-N-acetylglucosamines of various size, shows that all the residues involved in oligosaccharide binding are conserved among the members of the CP family. Overall, the results suggest that CP might be involved in polysaccharide recognition and that the double-ψ ψ ψ ψβ β β β-barrel fold is widespread in distantly related organisms where it is often involved in host microbe interactions.
Plants are often infected by microbes with diverse lifestyles and, to defend themselves, they have developed a two-layered innate immune system (1). The first line provides a basal defence against all potential pathogens and relies on the recognition either of conserved pathogen-associated molecular patterns (PAMPs), including flagellin, peptidoglycans, chitin, β-glucan, proteins relevant for the life cycle of the pathogen (2) , to mention some, or of an array of cell wall degrading enzymes not necessarily involved in pathogenicity (3): this defence line leads to cell wall alterations, deposition of callose, induction of ROS synthesis, activation of MAPK cascades and accumulation of defence-related proteins (4) .
Nevertheless, some pathogens may succeed in suppressing that primary defence mechanism. Thus, during evolution, plants have developed a second recognition system based on the perception of the effectors by R proteins with a subsequent activation of an effector-triggered immunity, which often ends up in a localized programmed cell death response (5) (6) (7) .
Phytopathogenic fungi and oomycetes, secrete several non-catalytic proteins, generally 2 characterized by low molecular weight and by the presence of 2-4 disulfide bridges, that belong to specific protein families: the elicitin, the hydrophobin, the NIP-1 and the cerato-platanin (CP). Some members of these families have been proposed to have PAMP activity: e.g. the cryptogein, the INF1 elicitin and the Pep1 and Stp1 hydrophobins (8) (9) (10) .
The members of the CP protein family are secreted by a number of phytopathogenic fungi, animal pathogens and non-pathogenic fungal species (Fig. S1 ). These proteins have been shown to act either as virulence factors and effectors, such as the snodprot1 from Phaeosphaeria nodorum, the sp1 from Leptosphaeria maculans and the MpCP1 from Moniliophthora perniciosa (11) (12) (13) , either as elicitors and PAMPs, such as the proteins Sm1 and Epl1, from the soilborne Trichoderma virens and Hypocrea atroviride, respectively (14, 15) . In particular, Sm1 elicits the production of reactive oxygen species and triggers the expression of several defence-related genes in plants, confirming the capacity of this biocontrol fungus to induce resistance, while Epl1 is the major protein found in the secretome of the biocontrol fungal strain H. atroviridis (14) (15) (16) . Moreover, the Magnaporthe grisea expresses a MgSM1-CP-like protein that is able to induce hypersensitive response in leaves and enhanced disease resistance against Botrytis cinerea and Pseudomonas syringae when transiently expressed in Arabidopsis (17) .
In addition, members of the CP family play a major role in animal-fungus interaction, where they exhibit allergenic properties and induce strong immunological reactions. This is the case of the antigens CS-Ag from Coccidioides immitis and Aspf13 from Aspergillum fumigatus, both causative agents of human lung diseases (18, 19) and of the immunomodulatory protein, Aca1, from the medicinal fungus Antrodia camphorata (20) .
The first member of the CP family is the CP protein from Ceratocystis platani, the causal agent of the canker stain disease of Platanus acerifolia (21, 22) . CP plays a role in host-fungus interaction since it induces cell death, phytoalexin synthesis, and the over-expression of defence-related genes (23) (24) (25) . For this reason CP and the orthologous protein cerato-populin from C. populicola which triggers a CP-like reaction in host-microbe interaction (26,27) have been considered PAMPs. CP can be found in the cell wall of ascospores, hyphae and conidia suggesting the protein plays a role in forming the fungal cell wall (28) . This last observation supports the notion that PAMPs are generally surface-associated molecules that cannot be easily altered without deeply interfering with the fungus fitness. (10) .
Till now, no information on the structure of CP or of others CP-like proteins were available. In fact, only few examples of fungal PAMPs have been structurally characterized (10) . Here we report the NMR-derived solution structure of the first member of the CP family: the CP protein. CP has a globular fold containing 2 α-helices and 6 β-strands, that form a sixstranded double-ψβ-barrel, a motif remarkably similar to the one present in endoglucanases, in domain I of expansins and in the defence protein barwin. Because of these similarities, the oligosaccharides binding properties and the glycosidase activities of CP have been explored.
EXPERIMENTAL PROCEDURES

Expression and purification of cerato-platanin
The recombinant CP protein was expressed in Pichia pastoris and purified by reverse-phase liquid chromatography, as previously described (29) . The recombinant CP used in this work presents an additional 9 residues N-terminal stretch, EEGVSLEKR, because, in our experimental conditions, the signal peptide used for extracellular expression turned out not to be cut at the expected site. However, the protein shows the same biological activity as well as the same CD and 1 H-NMR spectra of native CP (29) .
For isotopic labelling, CP was expressed in minimum medium supplemented with 15 Nammonium sulphate and, in the case of double labelled proteins with 13 C-glycerol, and 13 Cmethanol, as described previously (30) . The purified protein was estimated to be ~95% pure by SDS-PAGE and MALDI-TOF mass spectrometry confirmed it was 100% 13 C and 15 N isotopic labelled.
NMR measurements
NMR samples contained 0.7 mM of double-labelled 13 1 H-13 C-NOESY, separately optimized for aliphatic and aromatic side chains (34) collected with 100 ms mixing times. A 2D NOESY was performed to assign the peak at 11.40 ppm, which resulted to be the hydroxyl proton of the Y9 which is hydrogen bonded with the carboxyl of the side chain of D77. RDCs' Measurements. Five distinct sets of RDCs' were measured, namely 1 J HN-N , 3 J Hα-Cα , 1 J Cα-C' , 1 J N-C' , and 2 J HN-C' . Anisotropic data were collected by dissolving the protein directly in 14 mg/mL liquid crystalline PF1 (Asla Lab) as alignment medium. To decrease the signal width we add NaCl up to 150 mM .
3 J Hα-Cα couplings were obtained from the 1 H-coupled (F1) version of the HACACO experiment (35) . 1 J N-C' , and 2 J HN-C' were measured from 1 H-15 N HSQC spectra with only Cα decoupling (36) .
1 J HN-N were measured by the IPAP-HSQC experiment (37) .
1 J Cα-C' RDCs' were measured in a modified version of the J-moduled HN(COCA) experiment (38, 39) . Diffusion Experiments. DOSY experiments were carried out using the BPPSTE (bipolar pulse pairs stimulated echo) method (40) . The duration of the total diffusion-phase encoding gradient pulse was 2 ms, the diffusion delay was 0.05 s and the minimum gradient strength was set to 0.3 Gauss/cm. Diffusion coefficients were measured using 0.2 mM CP in 10 mM phosphate buffer, pH 5.8 and 0.02% dioxane was used as a radius standard (41) .
Structure calculation
Structure calculation was performed with XPLOR-NIH (42) using a simulated annealing protocol. Calculations were carried out over residues 1-120: excluding the first N-terminal nine residues that do not belong to the native protein (see Expression and purification of cerato-platanin in Experimental Procedures), and that turned out to be unstructured (see Fig. S2 ). The simulated annealing was driven by NMRderived constraints during the entire calculation, with force constraints and weighting factors optimized to increase the score of low-energy structures. A set of 3203 inter-proton distances restraints were used, subdivided into three groups: strong (1.8-2.4 Å), medium (1.8-4.0 Å), and weak (1.8-5.0 Å). Due to very weak crosspeaks detected in the 15 N-edited NOESY spectrum, we included also a restraint comprising 6.0-3.0 Å. Backbone dihedral restrains (φ and ψ angles) were derived from chemical shift analyses using the program TALOS (43) . Backbone hydrogen bonds were recognized by evaluating the spatial relationship of amide protons with potential acceptors in the initial structures produced without the use of hydrogen bonds constraints. In addition, specific side-chain hydrogen bonds were clearly identified by using the WHAT IF server (44) with structures generated in later stages of the structural determination and were employed as additional restraints in the last cycle of minimization. Five distinct sets of backbone RDCs (84 1 J HN-N , 71preliminary structure, using the singular value decomposition (SVD) method (45) (47) . The ensemble of the 20 lower-energy target function structures (from a total of 1000), in which the number of residues in disallowed regions of the Ramachandran plot is 0.0%, was chosen to represent the protein solution structure and, together with the constrains list, were deposited in the Protein Data Bank (2KQA). The programs AQUA and PROCHECK (48) were used to analyze the structures. Table 1 reports the structural statistics.
Glycosidase assay
Endo-1,3-β-glucanase, polygalacturonase and cellulase activity were determined using as substrates laminarin, polygalacturonic acid and carboxymethylcellulose, respectively, according to the methods reported in literature (49) (50) (51) . The released reducing sugars were detected using the PAHBAH procedure (52) with glucose as a standard.
Enzymes (laminarinase from Thricoderma sp., pectinase from Aspergillus niger and cellulase from Trichoderma reseei) and substrates blanks were also included. Chitinase activity was detected at 575 nm using chitin azure as a substrate (chitinase from Tricoderma viride was used as positive control).
N-acetylglucosamine binding
The binding of the β-(1,4) tetramer of Nacetyl-D-glucosamine (Sigma) has been studied after addition of 0, 0.1, 2, 4 and 8 mM oligosaccharide to a 0.04 mM solution of 
RESULTS
CP presents a double-ψ ψ ψ ψβ β β β-barrel fold
The three dimensional structure of CP has been solved by triple resonance NMR methods using over 3400 distance and dihedral angle restraints together with 324 RDCs', in iterative cycles of structure calculations. The quality of the CP structure is highlighted by the structural statistics (Table 1) . The protein region V1-N117 is defined with a high precision as reflected by the low r.m.s. deviations from the mean structure for the backbone atoms (±0.40 Å) and for all heavy atoms (±0.72 Å) ( Table 1, Fig. 1A ). Quality check using PROCHECK-NMR (48) indicates that 85.5% of the residues display dihedral angles in the allowed regions of the Ramachandran plot (Table 1) .
The solution structure of CP reveals a globular fold containing 2 α-helices and 6 β-strands forming a double-ψβ-barrel (Fig. 1B &  1C) . The six-stranded β-barrel has a shear number of 10. The structure is consistent with CD measurements that indicate a predominant β-sheet structure and some α-helical elements (Fig.  S3 ). In addition, CP hydrodynamic radius, estimated by diffusion measurements, is approximately 19.5 Å, in agreement with the value expected for a monomeric and globular protein of that size (54) . The long and superficial ψ loop between β1 and β2 is rigid. In fact, 15 N relaxation data show quite homogeneous T 1 and T 2 values and an average 1 H- 15 N NOE of 0.85, indicating reduced internal motions (Fig. S2) . The only slightly flexible region of the protein comprises residues S96-R101, that exhibit relatively low (Fig. S2) . The last three C-terminal residues are unstructured and highly mobile (Fig. S2) .
Interestingly, CD experiments show that the protein is quite stable in a wide pH range, and exhibits a somewhat high unfolding temperature of approximately 76 °C (Fig. S4) .
Structures related to CP
Protein sequence alignments show that CP shares significant similarities only to fungi proteins that are currently classified as members of the CP family (Fig. S1 ). However, a search for structurally related proteins using the Dali server (55) identified various proteins involved in polysaccharide recognition and modification (Table 2) , including plant (56) and bacterial expansins (57), endoglucanases (56, (58) (59) (60) and the plant-defence protein barwin (61) . Although these proteins share a moderately low sequence homology with CP, they display relatively high Dali Z-scores ranging from 9.5 to 5.2 ( Table 2) . Superposition of CP with these proteins highlights the significant structural match especially in the β region (Fig. 2) .
Other less structurally related proteins, with Z-scores in the range of 3.6-3.2, include the lytic transglycosylases (LT) (62).
CP does not present glycosidase activity
Since CP is structurally related to endoglucanases and LT proteins, we tested whether it had glycoside hydrolase (GH) activity in in vitro assays: no cellulase, endo-1,3-β-glucanase, polygalacturonase, or chitinase activity could be detected even when CP was used at high protein concentration relative to the positive controls (data not shown).
CP binds oligosaccharides
As shown in Table 2 , the proteins most structurally related to CP display carbohydratebinding properties, are involved in polysaccharide recognition and, in some cases, exhibit hydrolytic activity (56, 61 ). Therefore, we tested the oligosaccharide binding capability of CP by measuring the chemical shift perturbation of the amide protons induced by oligosaccharides.
Knowing that small oligosaccharides are able to bind barwin, we assayed the interaction of the tetramer of Nacetylglucosamine (NAG-4) with CP. After the addition of increasing amounts of NAG-4 we observed changes in the chemical shifts of a limited number of residues. The alterations were proportional to the quantity of added ligand, thus indicating a fast exchange between the apo and holo form of the protein (see examples in Fig.  S5A ). Although CP binding affinity to NAG-4 is weak, with an estimated K d in the range of 10 -100 µM, the weighted average chemical shift changes after addition of more than 25 equivalents of NAG-4 highlight three main regions involved in the oligosaccharide tetramer binding (Fig. 3A) . These regions encompass preferentially portions of the loops: residues S17-A29 located in the β1-β2 loop, residues G51-S54 of the β2-β3 loop, and residues D77-G81 comprising the last part of the β4 strand and the β4-β5 loop. To further map the boundary of the CP oligosaccharide-binding region, N 15 -isotopically labelled CP was titrated with a mixture of oligosaccharides containing dimers, trimers, tetramers, pentamers and hexamers of N-acetylglucosamine. Figure 3B shows that in addition to the oligossacharide-binding regions identified with NAG-4, the α1-β6 loop, residues A99-V102, and the β1 strand, carrying the conserved SYD motif, were also affected. In particular, the signal belonging to S4 in the β1 strand disappeared after addition of the oligosaccharide mix, while it remained unaffected in the presence of NAG-4 ( Fig. S5A  & B, left panels) . We interpret these results as an indication of the selective interaction of these regions with the longer NAGs. Overall, the region involved in NAGs binding forms a flat and shallow groove on one face of the β-barrel which is rich in polar (e.g D6, N22 and D53) and aromatic (e.g. Y5 and W52) residues suitable for sugar carbohydrate binding (Fig. 3B) . Furthermore, all the residues involved in NAGs binding identified in this study are among the most conserved ones in the CP family (Fig. 3C) .
DISCUSSION
Despite recent advances in the characterization of plant pathogens Avr and elicitor proteins, the limited number of structures available for these proteins has hampered the understanding of the molecular mechanism associated to the interaction of those effectors with their targets or cognate pattern recognition receptors (PRRs). Indeed, to date, only a few pairs of fungal effectors/targets and PAMP/PRRs have been identified and structurally characterized (2).
CP structure
Thermal unfolding measurements show that the protein is particularly stable: the unfolding temperature is up to 76 °C (Fig. S4B) , though irreversible. On the other hand, the protein secondary structure is preserved in a wide pH range, 3-9, Fig. S4A . This last feature, perhaps the result of the presence of two disulfide bonds resistant to pH but not to temperature, is expected to favour its efficient secretion and/or translocation into the host cell.
The solution structure of the CP protein that we report here is the first one for the members of the CP family. The protein presents a double-ψβ-barrel fold remarkably similar to that found in plant and bacterial expansins, lytic transglycosylases, endoglucanases, formate dehydrogenase H, dimethylsulfoxide reductase, aspartic proteinases (63) and in the plant defence protein barwin (61) .
Expansins are found primarily in plants where they play a critical role in cell enlargement and other developmental processes requiring cell wall loosening (56) . Endoglucanases, on the other hand, are ubiquitous enzymes and catalyze the hydrolysis of cellulose to smaller oligosaccharides in numerous plants, bacteria and fungi, and are present in 13 out of 80 families of GH enzymes (64) . LTs cleave the β-(1,4) glycosidic bond between MurNAc and GlcNAc in peptidoglycans with the concomitant formation of a 1,6-anhydro ring at the MurNAc residue.
Except for barwin, which is also the most similar protein in primary sequence (28% identity), the other proteins are larger than CP (Fig. 2) . Expansins present two domains: the Nterminal domain that constitutes the double-ψβ-barrel and the C-terminal domain which forms an Ig-like β-sandwich. Endoglucanases have insertions in the β3-β4 and β4-β5 loops and extensions at the N-and C-termini. In addition, they frequently present a second domain, called the cellulose-binding domain, attached with a linker to C-terminus (65). This is not the case, however, in MeCel45A that presents a single catalytic domain. LTs are generally multidomain proteins, showing a long insertion (around 140 residues) in the β1-β2 loop, that constitutes a second domain, and a N-terminal extension.
It is worth noting a significant fold similarity between CP and EXLX1, a twodomain expansin from Bacillus subtilis that binds to plant cell walls and to carbohydrates, but lacks lytic activity against a variety of cell wall polysaccharides and peptidoglycan (57): functional features shared, at least in part, also by CP.
A rationale for CP lack of GH activity and for oligosaccharide binding capability
The absence of GH activity can be rationalized by structurally comparing CP with endoglucanases and LTs.
The superposition of the endoglucanase MeCel45A catalytic site with the corresponding region of CP is depicted in Fig. 4A . The enzymatic activity of MeCel45A depends on two residues, D24 and D132, which are located in the β1 and β5 strands and act as catalytic base and acid, respectively (58) . The corresponding residues in CP are I8 and N84, that are conserved among the members of the CP family and exhibit different chemical properties. Other MeCel45A residues potentially involved in catalysis, as suggested by they being conserved among endoglucanases, are T20, Y22 (Fig. 4A) replaced, in CP, by the conserved S4 and D6, respectively, again, at least in the case of Y22/D6, with diverse chemical properties (57) .
Also the active site of LTs, presented here in the enzyme EcMltA, contains two aspartic acids as the main catalytic residues (Fig. 4B ) that, as for the endoglucanase active sites, are located in β5, D308, and at the end of β4, D297. In the catalytic mechanism proposed for LTs (66), D308 acts as an acid and D297, which is hydrogen bonded to Y101, as a base. In fact, Y101 is supposed to shuttle a proton from D297 to D308.
This network of interactions observed in endoglucanases and LTs is only partially conserved in CP. In particular, in the CP structure, the substitution of an aspartic acid residue with N84, by removing the carboxylic group, might justify the disappearance of the hydrolase activity.
It is interesting to note however, that D77 and Y9, both conserved in all CP family members, correspond to D297 and Y101 of EcMltA, respectively whose side chains are expected to interact (Fig. 4B) . The interaction between D77 and Y9 side chains is clearly visible by NMR because of the reduced solventexchange of the hydroxyl of Y9 side chain, which appeared at 11.4 ppm. In a 2D NOESY spectrum, clear NOE cross-peaks between this proton and the two β-protons of D77 could be observed, suggesting the presence of a hydrogen bond between them (data not shown). Figure 3C highlights that the residues conserved among the members of the CP family are involved in polysaccharide binding. This fact strongly supports the hypothesis that the biological function of proteins belonging to the CP family may be related to polysaccharide binding; this feature being also consistent with the location of the CP protein in the fungal cell wall (28) .
Overall, site specific mutations with respect to endoglucanase and LTs proteins seem to justify why CP has lost GH activity while maintaining the capability to bind oligosaccharides.
The data presented in this paper contribute to reach a deeper knowledge of the role of CP both in fungus fitness, and in host/microbe interaction. Since CP is located in the cell wall of hyphae conidia and ascospore of C. platani (28) , its similarity with expansins could be a sign of the involvement of the protein in cell wall remodelling and enlargement. Moreover, the ability to bind NAG might imply a role of CP in host-interaction. Recognizing that chitin oligomers can act as PAMPs eliciting basal immunity responses in plants (2, 67) , it has been recently reported that the virulence effector Ecp6, from the fungal pathogen Cladosporium fulvum, sequesters β-(1,4)-poly-N-acetyl D-glucosamine, released from the hyphae cell wall during infection, to prevent elicitation of host immunity (68). All considered, our data point to the possibility that, during plant/microbe interaction, CP is overexpressed and interacts with the host acting as a typical PAMP (24, 25) . The elicited plant immunity responses would include also overexpression of plant cell-wall degrading enzymes which will produce chitin oligomers (69). At this stage, interestingly, we may envisage that the expected enhancement of the plant primary defence response, induced by those oligosaccharides, can be blocked by the CP ability to bind NAG, albeit a bit weaker than Ecp6.
In conclusion, we trust the solution of CP 3D structure has opened the way to unravel the multi-facets functions not only of this protein but also of the other members of the CP family: 1) Since CP oligosaccharides binding involves residues conserved throughout the CP family it is reasonable to expect that the other family members are able to bind oligosaccharides.
2) The observation that CP and Ecp6 bind
NAGs with different affinities might explicate why members of the same family can act either as elicitors or as effectors and provide critical hints to understand the incompatibility/compatibility of some plant/pathogen interactions. In other words, it appears we are disclosing a more widespread strategy of host immune response suppression by fungal pathogens and elicitors (68). . Some of the residues are indicated in the structure and in the graph. Green: unperturbed residues, orange: residues whose amide chemical shift is perturbed, red: residues experiencing conformational effects due to the carbohydrate interaction. (C) Residue conservation among the CP family members from different fungal species. Invariable residues are indicated in magenta, except Cys residues that are depicted in yellow, highly conserved residues are in blue, and low and no conserved residues in cyan. This is shown along the CP sequence (left) and mapped on the CP structure (right). Residues which are invariable or highly conserved and that interact with oligosaccharides are indicated in the figure. a Z-score is a measure of the quality of the alignment. The higher the Z-score, the more homologous are the structures. A Z-score below 2 is not significant. 
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